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We report on the experimental observation of coherence resonance in a bistable system with delay. Our
system consists of a vertical-cavity surface-emitting laser subject to time-delayed optical feedback
simultaneously from a long and from an extremely short external cavity. Coherence resonance is
experimentally proven by analysis of the residence time distribution of the polarization mode-hopping
regime and of the signal to noise ratio in the power spectrum.
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It is commonly accepted now that noise can play a
constructive role in nonlinear dynamical systems. After
the seminal paper of Benzi, Sutera, and Vulpiani [1], the
phenomenon of stochastic resonance, namely, the fact that
adding noise can better synchronize a dynamical system to
an external periodic signal, has attracted a lot of interest in
biology [2], physics [3], chemistry [4], etc. (for a review,
see, e.g., [5]). It has recently been realized that noise can
enhance regular dynamics in nonlinear systems even in the
absence of an external signal, when an internal time scale is
present in the system [6]. This phenomenon was initially
considered as stochastic resonance in an autonomous sys-
tem and later named coherence resonance (CR) [7]. CR
was first predicted for excitable dynamical systems [6–8],
i.e., systems that emit quasiregular pulses as a result of an
excitation threshold and with a refractory period. It has
been demonstrated experimentally in excitable electronic
circuits [9], semiconductor lasers subject to optical feed-
back and driven into chaotic excitable dynamics [10], and
Belousov-Zhabotinsky chemical reaction systems [11]. For
a recent review, see Ref. [12]. CR has also been predicted
as a noisy precursor of limit cycle bifurcations in nonlinear
systems [8]. This mechanism for CR has been verified
experimentally in electrochemical systems [13] and close
to Hopf bifurcations in multisection semiconductor lasers
[14]. Theoretical works on different models furthermore
reported that not only excitable but also bistable or multi-
stable systems driven by noise can exhibit CR [15,16], as
also confirmed experimentally in bistable chaotic elec-
tronic Chua circuits [17]. Recently, CR has been predicted
in another class of systems, which exhibit bistability to-
gether with time delay [18]. These systems are interesting,
considering also that delay is an inherent property of
Nature, with examples found in biology [19], economics
[20], and chemistry [21].
In this Letter, we present experimental evidence of CR
in an optical bistable time-delayed system, namely, a
vertical-cavity surface-emitting laser (VCSEL) subject to
optical feedback. VCSELs are known to exhibit bistability
between two nearly degenerate linearly polarized (LP)
fundamental transverse modes [22]. This has allowed for
the experimental observation of stochastic resonance in
polarization mode hopping induced by noise [23]. In the
presence of time-delayed optical feedback, the polarization
mode hopping is accompanied by anticorrelated oscilla-
tions at the external-cavity frequency in LP mode inten-
sities [24]. These dynamics strongly enhance the
probability for polarization switchings at the delay time
and multiples of it. As a result, the residence time distri-
bution (RTD) of the LP modes is strongly modified, show-
ing peaks at the delay time and multiples of it [25]. These
dynamics can result in CR, as predicted numerically in
Ref. [25] and as confirmed here experimentally.
Our experimental setup is described in Fig. 1. AVCSEL
is subject to optical feedback from two external cavities.
The first cavity, formed between the VCSEL output mirror
and a fiber facet with enhanced reflectivity, is an extremely
short external cavity (ESEC) and is used to tune the
VCSEL polarization-switching current [26]. The second
cavity is the optical fiber itself and introduces a time delay
of   27 ns (L2  2:7 m) in the system. We use an oxide-
confined GaAs=InGaAs quantum well VCSEL, emitting at
L1
L2
FIG. 1. Experimental setup. SMOF, single-mode optical fiber;
PC, polarization controller; L, lens; P, polarizer; BS, beam
splitter; D, photodiode; PD, high speed photodiode.
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1:005 m in its fundamental transverse mode up to
1.75 times the threshold current [26]. In order to create
the ESEC, we place a single-mode optical fiber at a few
micrometers from the VCSEL. The optical feedback from
the ESEC is enhanced by gluing a mirror of R1  23%
reflectivity to the fiber facet. L1 is changed by moving the
VCSEL by means of one of the three piezo components of
the stage on which it is mounted in steps of 20 nm and with
a precision of 5 nm. A CCD camera (with resolution 1 m)
is used to measure the absolute value of L1. The values of
L1 reported in the following are relative—the zero corre-
sponds to L1 smaller than 20 m [26]. The light emitted
by the VCSEL is butt-coupled into a 2.7 m long single-
mode fiber through R1 (see Fig. 1). A FPC-100 polarization
controller is used in order to compensate any possible
unintentional birefringence introduced in the fiber. The
far facet of the fiber is either ended in an angled polished
fiber-optic connector to have no feedback from the long
external cavity (R2  0) or perpendicularly cleaved pro-
viding a reflectivity of 4% (R2  4%). The light coming
out from the fiber allows us to measure the polarization-
resolved output intensity. To obtain the time traces, a
photodiode of 12 GHz bandwidth and a oscilloscope of
2.4 GHz bandwidth are used. The power spectrum is
simultaneously measured using a 30 GHz bandwidth elec-
trical spectrum analyzer.
The above described experimental setup allows, by
nanometric tuning of the ESEC length L1, a precise control
of the current at which polarization switching (PS) be-
tween the two linearly polarized fundamental transverse
modes of the VCSEL occurs [26]. This allows us the same
flexibility as in the numerical prediction of CR in Ref. [25],
where the PS current is selected by modifying the net gain
difference between the LP modes. Figure 2(a) shows the PS
current when increasing (solid black line) and decreasing
(gray line) the injection current as a function of the ESEC
length (L1). All of the experiments reported here are
performed with L1  9:5 m. With such a value for L1
[cut A in Fig. 2(a)] and in the absence of feedback from the
long external cavity (R2  0), the polarization-resolved
power versus current curve of the VCSEL shows PS be-
tween the two orthogonal linearly polarized fundamental
transverse modes as shown in Fig. 2(b). When adding
feedback from the long external cavity by perpendicularly
cleaving the far end of the fiber (R2  4%), mode hopping
between the two LP modes of the VCSEL occurs. In the
presence of mode hopping, we define the LP mode asym-
metry factor as   PL=PH, where PL and PH are the
time-averaged power of the low and the high frequency LP
modes, respectively.
In the experiments, an external noise of zero mean value
and a flat spectrum up to 300 MHz is added to the injection
current to observe the coherence of the polarization-
resolved output power when varying the noise strength.
Several ways of quantifying the coherence of the signal
have been used in the literature. In the first experimental
paper on stochastic resonance in an optical system, the
maximum of the signal to noise ratio (SNR) of the peak at
the forcing frequency was identified as a maximum of
synchronization of the output signal [3]. Alternatively,
the probability density of the residence times was sug-
gested as an indicator to look for a resonance condition
[27,28]. The experimental setup presented in Fig. 1 allows
us to simultaneously check both indicators.
The residence times for the two LP modes are measured
from the stored oscilloscope time trace of one LP mode
alone by exploiting their anticorrelation behavior: The 1
(2) residence time is defined as the time spent above
(below) a reference level (corresponding to one-half of
the total unpolarized intensity) between two consecutive
crossings of that level (see Fig. 3). Hereafter, we use the
joint residence time [JRT in Fig. 3(b)], defined as the time
interval needed for the system to visit the two LP modes
consecutively [25]. The RTD of the two LP modes and the
joint RTD (JRTD) are presented in Fig. 3(c). Because of
large asymmetry (  8:5), the statistics of the high fre-
quency LP mode shows a maximum at very short time
scales, while the statistics of the low frequency mode
shows a maximum just below  (the small maximum on
the left side is due to the noise added to the VCSEL
current). The appearance of events for t <  makes clear
the difference of our optically delayed VCSEL system
from the situation of optoelectronic feedback studied in
Ref. [29]. In Ref. [29], the VCSEL subjected to a polar-
ization selective optoelectronic feedback is driven into an
excitable dynamics. As characteristic for excitable system,
it cannot react during its refractory time equal to  in that
case, which gives no event for t <  in the LP mode RTD.
In our polarization insensitive all-optical feedback configu-
ration, the system is bistable, allowing noise-induced
switching also during the delay time . The statistics of
the JRTD shows a clear maximum at the delay time [25].
Furthermore, by using the JRTD we are able to observe the
periodicity of the LP mode intensity irrespectively of the
LP mode asymmetry, e.g., for > 1. Increasing the asym-
metry factor , the VCSEL stays more in one of the two LP
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FIG. 2. (a) Polarization-switching current when increasing
(solid black curve) and decreasing (gray curve) the injection
current versus L1. The black dashed line represents the threshold
current. (b) Experimentally obtained polarization-resolved
power versus current curve at L1  9:5 m. Gray (black) line
represents the low (high) frequency LP mode, while solid
(dashed) lines represent the two LP modes for slowly increasing
(decreasing) the injection current (0:1 mA=s).
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modes (the low frequency one), and the picture of double
potential wells for the two LP modes [30] becomes more
and more asymmetric. The joint residence time distribution
is governed by the increased part of the barrier between the
two asymmetric potential wells.
Figure 4 shows the JRTD measured at different noise
intensities; each one is calculated from 11 time traces of
4 106 points each. The time between measured samples
is set to 400 ps. The VCSEL is biased at 9.05 mA (  45).
If the noise is weak, the system needs a lot of time to
consecutively visit the two stable states, and the peak of the
JRTD at the external-cavity round-trip time (  27 ns) is
very small [see Fig. 4(a)]. As the noise strength is in-
creased, the peak at 27 ns dramatically increases, reaching
its maximum at 120 dBm=Hz [see Figs. 4(b) and 4(d)].
For higher noise intensities, more and more fast polariza-
tion switchings occur, and the background masks the peak
structure [see Fig. 4(c)].
The selection of a proper indicator for monitoring co-
herence resonance from RTDs is not trivial [23,31]. Here
we use the area of the first peak of the JRTD once the
background is subtracted. In order to do so, we numerically
fit the JRTD with an exponential decay plus a Gaussian
peak as in Ref. [23]. Figure 5 shows how the area of the
first peak of the JRTD varies as the noise intensity is
increased. The area of the peak is first increased and then
decreased, showing a maximum for a noise intensity of
120 dBm=Hz. This constitutes clear evidence of coher-
ence resonance in such a system.
Simultaneously with the time-trace acquisition, we mea-
sure the spectrum of the polarization-resolved output
power with the electrical spectrum analyzer. Figure 6
shows the power spectra measured at three noise inten-
sities. At a low noise strength, small peaks at the external-
cavity frequency (1=  37 MHz) and its multiples can be
observed in the spectrum. As the noise strength is in-
creased, both the peak at 37 MHz and the background
noise level become higher [see Fig. 6(a)]. However, the
signal to noise ratio of the peak first increases and then
decreases as the noise intensity is increased, showing a
maximum at 107 dBm=Hz [see Fig. 6(b)]. This maxi-
mum occurs at a higher noise level than the maximum of
the area of the first peak of the JRTD, in a similar way as
reported in the case of stochastic resonance [5,30].
Now we decrease the injection current in such a way that
  7:5. The measured SNR and the area of the first peak
of the JRTD versus noise intensity are presented in Fig. 7.
Again, a maximum in the SNR versus injected noise
strength is found [see Fig. 7(a)], which indicates coherence
resonance but at a smaller noise intensity level. This result
is consistent with the physical meaning of , which relates
to the distance of the bias current to the current at which
mode-switching symmetry is obtained and, therefore, to
the asymmetry of the potential wells and the barrier
heights. A decrease of  implies a decrease of the higher
part of the asymmetric potential barrier between the two
potential wells. On the other hand, the shift towards
FIG. 4. Joint residence time distribution for external noise set
to (a) 145, (b) 120, and (c) 105 dBm=Hz. (d) Zoom of the
peak at 27 ns for different noise intensities.
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FIG. 5. Area of the first peak of the JRTD shown in Fig. 4 as a
function of the input noise. The background has been subtracted
before calculating the area and   45.
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FIG. 3. (a) Time trace of polarization mode hopping (power
emitted in the high frequency LP mode when   8:5) influ-
enced by time-delayed optical feedback ( ’ 27 ns) with an
enlargement in (b). (c) RTD of 1, 2, and JRT.
PRL 99, 023903 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending13 JULY 2007
023903-3
smaller noise levels of the resonance condition moves the
maximum of the area of the first peak of the JRTD out of
the noise range of our generator, and now only a decreasing
slope can be observed in the area versus the noise curve
[see Fig. 7(b)]. The decreasing of the optimal noise inten-
sity at which resonance is achieved when decreasing the
LP mode asymmetry factor  can be observed in Fig. 7(c).
In summary, we have combined here the VCSEL unique
polarization properties with time-delayed optical feedback
in order to experimentally confirm the general concept of
coherence resonance in a bistable system with delay, as it
was first predicted theoretically [18,25]. Coherence reso-
nance is experimentally proven using two different criteria:
the signal to noise ratio of the spectrum and the probability
density of the joint residence time of the polarization mode
hopping. Experimentally, the noise at which the resonance
condition occurs appears to be lower when using the JRTD
as an indicator than when using the SNR. The resonance
condition is experimentally found to be shifted towards
lower noise levels as the LP mode asymmetry factor  is
decreased.
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FIG. 7. (a) Signal to noise ratio of the first peak in the electrical
spectrum (at around 37 MHz) as a function of the input noise.
(b) Area of the first peak of the JRTD plotted as a function of the
input noise. The background has been subtracted before the
calculation of the area is made. In (a) and (b),   7:5.
(c) Intensity of injected noise at which the resonance condition
according to the SNR indicator is achieved for different values of
the LP mode asymmetry factor .
FIG. 6. (a) Electrical spectrum of the polarization-resolved
output power at different noise intensities from 105 to
145 dBm=Hz. (b) Signal to noise ratio of the first peak in
the electrical spectrum (at around 37 MHz).   45.
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